The current harvest policy for the Pacific halibut fishery uses a 32-inch minimum size limit in the directed commercial fishery, and total annual catches in each of the eight regulatory areas are based on area-specific exploitation rate targets. In nondirected fisheries retention of halibut is prohibited. Post-release survival rates are gear dependent and partially based on observer accounts of halibut release condition. The current assumption is that 84% of the sub-legal halibut discarded from the directed halibut fishery survive each year and this rate is the same for all sizes of fish. This paper examines how sensitive estimates of maximum sustainable yield (MSY) and spawning biomass per recruitbased reference points are to the assumptions of post-release survival and the cumulative effects of size-selective fishing. A joint probability model for surviving the capture process is developed for modeling the instantaneous rates of retention and discarding in directed fisheries, as well as the cumulative effects of size-selective mortality from all sources. Evaluation of the current minimum size limit and discard mortality rates, and alternatives, for MSY-based reference points is based on assumptions about an underlying stock-recruitment relationship. The trade-offs between discard mortality, size limits, bycatch, and fishing intensity are examined from a long-term equilibrium perspective using isopleths that describe per recruit changes in spawning biomass, 0042 Martell et al.-Halibut Bycatch, Discards, and Size Limits yield, discard, and mean weight and composition of the landed catch. Determining optimal harvest rates for the directed fishery is strongly linked with amounts of bycatch mortality, size limits, and discard mortality rates. Three alternative bycatch mortality scenarios of 0, 10, and 20 million pounds were explored. Potential losses in landed value to the directed fishery associated with discarding sub-legal fish are on the order of $10 to $24 million per year, while total losses associated with discarding and bycatch mortality are on the order of $70 to $120 million per year.
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Introduction
The Pacific halibut fishery explicitly accounts for two forms of nontarget mortality in its catch accounting system: (1) bycatch from nontarget fisheries (Williams 2014) , and (2) discards from the directed fishery (defined as wastage in Gilroy and Hare [2010] and Gilroy and Stewart [2013] ). Retention of halibut is prohibited in trawl fisheries and other longline and pot fisheries that target other species. There are a few exceptions, for example where individuals that hold quota for both sablefish and halibut, halibut can then be retained in nondirected halibut fishing activity. The directed halibut longline fishery currently has a minimum size limit of 82 cm (32 inches), and wastage is defined as halibut mortality associated with discarding sub-legal fish and legal size fish above the landings limits in Washington and Oregon, as well as lost gear. Since the rationalization of the fishery in 1995, wastage due to lost gear has decreased substantially.
Reference point calculations based on maximum sustainable yield (MSY) rarely take into consideration the impacts of discard mortality rates or bycatch associated with nontarget fisheries. MSY-based reference points usually consider only the target fishery in question and assume other fishing related sources of mortality are constant. Reference point calculations based on the concept of spawning potential ratio (SPR) usually serve as a proxy for MSY and greatly simplify the numerical computations in age or size-structured models. All sources of mortality are easily accommodated in SPR-based reference points. Reference point calculations are a function of all fisheries selectivities including undersize animals that are discarded (Goodyear 1993 , Coggins et al. 2007 ). In cases where there are multiple fishing gears with different selectivities that capture halibut, the proportions of the total catch taken by each of the gears also influences reference point calculations. As these proportions change over time, or fisheries selectivities change over time, both SPR-based and MSY-based reference points require updating to reflect these changes.
In 2004, total catch of Pacific halibut peaked at just over 100 million net pounds (45,359 net metric tons, net weight reflects head-off 0043 Fisheries Bycatch: Global Issues and Creative Solutions and eviscerated weight, roughly 75% of round weight). In 2013, the coast-wide directed catch in the commercial longline fisheries had declined 60% from the 2002 catch levels (Stewart and Martell 2014) . By comparison, halibut bycatch had declined by 37% over the same time period. Since the implementation of Individual Fishing Quotas (IFQs) for the halibut fishery in 1995, sub-legal discards averaged 3.1% of the directed catch, and since 2010 sub-legal discards have been decreasing.
Empirical observations on size-at-age in Pacific halibut over the last century have shown considerable variation over time (Stewart 2014) . Recent trends in weight-at-age have shown large declines for older age classes and have been relatively stable for halibut less than 10 years of age. For example, in the early 1990s the average weight of age-18 female halibut was roughly 100 pounds, and since 2011, the average weight is less than 40 pounds. One hypothesized factor for this shift in size-at-age relates to the cumulative effects of size-selective fishing. Under this hypothesis, faster growing individuals recruit to the legal size limit of 82 cm earlier relative to slower growing individuals. Under intensive fishing, faster growing individuals experience a much higher total mortality rate than slower growing individuals. Extremely slow growing individuals may not even recruit to the legal size, and therefore are only subject to natural mortality and discard mortality rates in the event they are captured and discarded.
The overarching objective of this paper is to address operational efficiency of the directed commercial halibut fishery and how ratios of bycatch:catch and discard:catch influence reference points used in decision making. Operational efficiency is defined as the fraction of halibut retained in the directed fishery relative to the total catch associated with all fishing activities including discard and bycatch. Specific objectives are: (1) to determine how size limits and discard mortality rates influence reference point calculations in the directed fisheries; (2) to determine how changes in the ratio of bycatch:catch alter these reference points; (3) to examine how cumulative effects of size-selective fishing impact these reference points; and (4) to discuss alternative options to increase the operational and economic efficiency of the directed halibut fisheries. To address these objectives, we use a modified version of an age-structured equilibrium model developed by Pine et al. (2008) that was used to address catch-release policies for recreational billfish fisheries.
Methods

Equilibrium model
The following description of the equilibrium age-structured model is simplified to the dimensions of age only for the purpose of clarity.
Equilibrium calculations for yield, biomass, recruitment, and other quantities of interest are based on sex-specific parameters, and also assume that the population consists of a normal distribution of individuals that vary in their asymptotic length. In other words, the model consists of a number of distinct groups that differ only in size-at-age, and hence length-based processes (e.g., selectivity) differ for each group. The purpose of modeling this distribution of groups is to capture the cumulative effects of size-selective fishing. This is described in further detail in the section on cumulative effects of size selective fishing.
At equilibrium, the annual yield (Y ) is calculated as the sum over ages of the fraction of individuals that die due to fishing multiplied by the total number or biomass of individuals available for harvest. Thus the equilibrium yield equation, assuming both natural and fishing mortality occur simultaneously, can be written as:
where F a is the age-specific fishing mortality rate which can be parsed as Fv a , where v a is the age-specific fraction that is vulnerable to fishing mortality (also termed selectivity in models that do not distinguish between landed and discarded fish). It is common to use a simple parametric function (i.e., a logistic curve) to describe age-based selectivities. For this application we use the length-based coefficients from the set line survey that were internally estimated in the 2012 stock assessment model and convert these coefficients into age-based logistic selectivities based on the mean length-at-age and the coefficient of variation in the mean length-at-age. Recall that we model a distribution of groups that vary in growth, therefore the age-specific coefficients differ for each group. Biomass at age (B a ) is defined as the numbers-at-age (N a ) times the average weight-at-age (w a ). Assuming steady-state conditions, this can be expressed as the product of recruitment (R), survivorship (l), and the average weight-at-age (w a ). Assuming unfished conditions (i.e., F = 0), survivorship to a given age is given by the following recursive equation and natural mortality rates M a :
for a = 1 for a > 1 and survivorship under fished conditions (l′) is given by:
for a = 1 for a > 1. The total age-specific biomass is given as:
where R is the equilibrium number of age-1 recruits. Substituting (4) into (1) and parsing fishing mortality into age-specific components yields the following expression:
where R is the equilibrium recruitment obtained under a fishing mortality rate F. The summation term in (5) represents the yield per recruit ( ), and the yield equation simplifies to:
For a given equilibrium fishing mortality rate F, the equilibrium recruitment is a function of the available spawning biomass relative to the unfished spawning biomass. For the Beverton-Holt model, this can be expressed as:
where the spawning biomass per recruit and for unfished and fished conditions, respectively, is based on the survivorship and mature female weight-at-age, or fecundity-at-age ( ). Two leading parameters are the unfished age-1 recruits , which serves the purpose of providing the overall population scale, and the recruitment compensation parameter κ, which is defined as the relative improvement in juvenile survival rate as the spawning biomass tends to zero. For the BevertonHolt model this can be derived from steepness (Mace and Doonan 1988) as (see Martell et al. 2008 for further details on the derivation of [7] ). Spawning biomass per recruit is given by:
. Note that it is not necessary to have absolute estimates of fecundity ( ) as the units cancel out in the ratio in (7). What is important is the relative egg contribution by age, and here it is assumed that fecundity is proportional to mature female body weight. Based on equations (1)- (9) it is now possible to calculate the equilibrium yield given estimates of the following parameters:
. The following subsections describe how these equilibrium calculations can be modified to include mortality associated with catch-release, and how the cumulative effects of size-selective fishing can lead to changes in mean size-at-age.
Including release mortality
The equilibrium model described in the previous section considers only the case in which all fish captured for a unit of fishing mortality F are removed from the population and not for cases in which some fish captured will be discarded because they are not within the legal size range. To include the effects of post-release mortality associated with discarding fish outside the size limits, the vulnerability age-schedule (v a ) was modeled as a joint probability, where the probability of dying due to fishing is based on the probability of capture and being retained times the probability of being captured, released, and dying after release. This joint probability is as follows:
, where v a is the age-specific vulnerability associated with a unit of fishing mortality, is the age-specific probability of being captured by fishing gear, and are the age-specific retention and release probabilities, and λ is the probability of dying after being discarded (assumed to be 0.16 in the directed halibut longline fishery [Gilroy and Stewart 2013] ).
To implement the effects of size limits and post-release mortality rates on the equilibrium yield calculations defined in the previous section, we simply substitute (10) for all the v a terms in equations (3) and (6) above. In addition to calculating equilibrium yield (Y ), the equilibrium discards (live and dead) can also be calculated in a similar manner as (6), where the discard per recruit ( ) is defined as: and the total discards are given by:
Note that equation (12) represents the total biomass of discarded fish; the total discard mortality is the discard mortality rate (λ) multi- In this paper we assume the discard mortality rate is independent of size or age.
Cumulative effects of size-selective fishing
To account for variation in growth and represent the cumulative effects of size-selective fishing, the population is divided into a number of distinct groups (G) that have a unique growth curve (la,g). Growth was based on fitting a growth model to the 2011 sex-specific length-age data collected in the fishery independent set-line survey . The variance in length-at-age for each of the G groups is set to a fraction of the estimated total variance from the set-line survey lengthat-age data:
, where is the estimated mean length-at-age, and CV is the estimated coefficient of variation. Partitioning growth into G groups that vary in the mean length-at-age can then be integrated into the equilibrium model as a series of G subpopulations, where each of the above calculations in equations (1)- (9) represents subpopulations that differ only in growth and relative numerical abundance. A similar model was developed by Mulligan and Leaman (1992) for Pacific ocean perch to explain poor residual patterns obtained when fitting a standard growth curve that assumes size-at-age is normally distributed (see also Taylor and Methot 2013 , where platoons are analogous to G groups).
The proportion of recruitment to each of these G groups is assumed to be normally distributed with 99.7% of all individuals falling within 3 standard deviations of the mean asymptotic length. There are no assumptions about the composition of the spawning stock biomass and recruitment into each of these groups (i.e., no genetic selection effects due to fishing was assumed), and irrespective of spawning stock size, recruitment to each of these groups follows the same normal distribution. Genetic extensions could be included to examine fishery induced evolution, if desired.
The per-recruit functions described in the previous equations are then modified to include both age and size effects. For example, the spawning biomass per recruit described in (9) is now calculated as:
, where is computed using the normal density function with a mean 0 and a standard deviation of 1 over G = 11 discrete intervals from -1.96 to 1.96:
In other words, the equilibrium population consists of 11 discrete subpopulations that differ only in their mean length-at-age, and the relative abundance of each subpopulation at recruitment to each subpopulation follows a normal distribution. In such a case, nonzero fishing mortality (F > 0) would then impose differential total mortality, where faster growing individuals would be subjected to a higher overall F relative to slower growing individuals because they recruit to the sizeselective fishing gear at a younger age. The use of multiple groups to represent cumulative size-selective fishing effects also assumes there is no compensation in growth rates as densities are reduced through fishing. Although not implemented here, density effects on growth could also be accommodated in this model (see Post et al. 1999 for an example).
Growth, maturity, and natural mortality
Mean size-at-age for Pacific halibut was modeled using a modified von Bertalanffy growth model:
. Parameters for this model were estimated by fitting the model to the size-at-age data collected in the set-line survey in 2011. Data for the model was restricted to International Pacific Halibut Commission regulatory areas 2B-4A (British Columbia to Unalaska in the Aleutian Island chain), as these areas represent the majority of the halibut stock. Areaspecific parameter estimates are available in Martell et al. 2013 . Note, however, that estimates of growth rates based on these data are likely biased as these data have already been subject to size-selective fishing.
Estimates of natural mortality rates were jointly estimated in the stock assessment model (Stewart and Martell 2014) . Estimates of natural mortality rates are slightly higher for females than males (Table 1) and natural mortality in this equilibrium model is assumed to be independent of age and constant over time. Maturity-at-age for female halibut was assumed to follow a logistic function with the mean age-at-maturity at 10.91 years and a standard deviation of 1.406 years (a logistic model was fitted to proportion mature-at-age).
Including bycatch in reference point calculations
A technical challenge in calculating reference points when fixed amounts are permitted for bycatch is determining the relative contribution to the total mortality rate. The age-specific total mortality rate with the addition of bycatch is defined as . For a fixed (14) 0049 Fisheries Bycatch: Global Issues and Creative Solutions bycatch amount , the instantaneous fishing mortality rate is a function of the equilibrium biomass, which is determined by the fishing mortality F that is used in the directed fishery. For example, assuming steady state conditions and fishing at a rate of F in the directed fishery with no bycatch will result in an average biomass . If the value of increases, the resulting equilibrium biomass decreases. In the case of a fixed bycatch amount, the fishing mortality rate associated with bycatch fisheries increases as equilibrium biomass decreases, or if the fishing mortality rate in the target fishery increases.
Bycatch selectivity in the halibut fishery is assumed to be a domeshaped function of age, where age-5 is assumed to be fully recruited to the bycatch fisheries. Age-1 and age-2 fish are not vulnerable; 38% of the age-3, and 92% of age-4 fish are vulnerable. For the descending limb in , age-6 fish are 74% vulnerable and fish ages 7+ are assumed to be 65% vulnerable. For this equilibrium model we approximate the agebased selectivity with a dome-shaped length-based selectivity. This approximation was necessary to ensure that cumulative effects of sizeselective removal of bycatch are captured in the population dynamics. A double logistic function of length was used to approximate this function, where the mean and standard deviation of the ascending limb were 40 cm and 5 cm, respectively. The mean and standard deviation of the descending limb were 100 cm and 5 cm, respectively.
To determine the bycatch fishing mortality rate ( ), we first calculate the equilibrium biomass obtained in the absence of bycatch and then solve for the equilibrium fishing mortality rate that would achieve the bycatch amount (
). This additional source of mortality is then used to iteratively update the survivorship calculations (3), update estimates of biomass per recruit (11), and the available biomass (12) that is used to derive the fishing mortality rate . This iterative solution converges in just a few iterations in cases where the bycatch fishing mortality rate is relatively low. In cases where the bycatch fishing mortality rate is approaching (the fishing mortality rate at which extinction occurs), the convergence rate requires a larger number of iterations. If the rate exceeds , the population would be fished to extinction.
Note that the above procedure has a very strong assumption that bycatch is independent of halibut abundance. In practice, total bycatch would likely decline with decreasing halibut abundance. However, the North Pacific Fishery Management Council generally sets bycatch caps for a number of species in specific fisheries. These caps work as potential bottlenecks, where the bycatch fishery would be shut down if the bycatch caps were attained or exceeded. It is entirely reasonable to calculate reference points for a given bycatch amount (i.e., a bycatch cap), but we note here that at extremely low halibut abundance, it is unlikely that bycatch fisheries would exceed these caps due to lower encounter rates with halibut.
Results
Equilibrium yield isopleth diagrams are used to examine how size limits, fishing mortality rates, discard mortality rates, and bycatch amounts influence MSY-based reference points (Fig. 1) . The fishing mortality rate associated with MSY in the directed fishery (hereafter, F MSY ) can be determined from these isopleths by first choosing a size limit, and then finding the corresponding fishing mortality rate that maximizes long-term yield. In addition to the size limit, F MSY is also determined by the assumed discard mortality rate (Fig. 2) as well as the level of bycatch. For example, under the current 82 cm size limit esti-
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mates of F MSY decrease from a maximum of 0.30 to 0.27 with increased in discard mortality rates from 0.1 to 0.25, assuming 10 million pounds of bycatch mortality ( Table 2 ). Estimates of F MSY range from 0.22 to 0.21 with increasing discard mortality rates when there are 20 million pounds of bycatch. Note that fishing mortality rate estimates for the bycatch mortality are relatively minor (0.02-0.03) compared to the estimates of F MSY for the directed fishery. Lowering the minimum legal size limit from 82 cm (32 inches) to 66 cm (26 inches) results in a lower estimate of F MSY , and a much lower average weight of the catch (Table 2 ). These changes reflect the retention of more abundant, smaller fish in the directed fishery. The overall yield from the fishery is expected to increase on the order of 9-13% with a lower size limit. Moreover, the expected retained catch per unit effort (CPUE) would also increase due to both increased legal biomass and the reduced amount of effort required to obtain the annual catch. This increase in CPUE does not reflect an increase in abundance; on the contrary, abundance would decline, but the catch rate of legal sized fish would increase. Shifting the size limit from 82 cm to 66 cm results in 
Each panel represents an alternative discard mortality rate (indicated on the top of the panel). Fisheries Bycatch: Global Issues and Creative Solutions
an increased MSY from 32.5-35.4 million pounds to 25.4-25.6 million pounds, assuming 10 million pounds of bycatch mortality and a discard mortality rate of 10% (Table 2) . However, lowering the size limit results in a trade-off with the equilibrium spawning biomass. Estimates of under a 66 cm size limit are slightly lower due to increased fishing mortality rates on smaller, immature fish. These conservation concerns are exacerbated if the discard mortality rate is high. Note also that under the lower size limit, estimates of F MSY are very similar over a range of alternative discard mortality rates and only differ relative to the amount of bycatch taken. Under the lower size limit, the estimated selectivity for the directed fishery catches few fish that are below the legal size limit, and nearly all of the fish captured are retained (hence the insensitivity of F MSY to discard mortality rates). Size limits, discard mortality rates, and bycatch amounts have a significant effect on the spawning potential ratio (Fig. 3) . Under steadystate conditions, spawning potential ratio (SPR) is also a measure of total mortality in the population. The effect of imposing a minimum size limit in the Pacific halibut fishery has the desired conservation effect of increasing spawning biomass per recruit for a fixed fishing mortality rate. However, with increasing discard mortality rates, SPR values are reduced for a given size limit and fishing mortality rate. For example, with low discard mortality rates of 0.1 and a size limit of 82 cm, the SPR = 0.3 isopleth reaches a horizontal asymptote with increasing fishing mortality rate (Fig. 3, upper left panel) . However, as discard mortality rates increase, the conservation of spawning biomass diminishes as shown by the SPR isopleths turning upward toward a vertical asymptote. In other words, under conditions of high discard mortality rates, fishing effort must be reduced in order to maintain the same level of mortality as measured by the SPR.
Another way to think about the SPR isopleths in Fig. 3 is that contours that tend toward a horizontal asymptote imply that the size limit helps guard against overfishing the spawning biomass. Contours with vertical asymptotes imply the spawning biomass is hypersensitive to small changes in fishing mortality rates. Both increases in bycatch mortality and discard mortality rates increase the risk of depleting the spawning biomass.
The use of SPR as a proxy for MSY-based reference points is also of great interest because it's a relatively simple quantity to calculate. Table 2 compares the SPR values obtained when fishing at F MSY . Over the range of discard mortality rates and 10 to 20 million pounds of bycatch mortality, the SPR values obtained when fishing at MSY levels is relatively insensitive, indicating that it is a relatively stable proxy for accounting for all sources of mortality when developing SPR-based reference points. For example, in the size-limit discard mortality rate and bycatch amounts considered in MSY-based reference points shown in Table 2 , the SPR values only range between 0.294 and 0.316. In other words, maintaining a spawning potential ratio of roughly 30% is a good proxy for maximum sustainable yield.
Increasing levels of bycatch exacerbate total mortality as measured by SPR (Fig. 3) . For example, 10 million pounds of bycatch reduces the from 0.28 to 0.23 with a 50 cm minimum size limit (Fig. 3) . Increasing bycatch cap levels results in decreasing . The operational efficiency, which is defined as the proportion of the total mortality that is landed, increases with decreasing size limits and reductions in bycatch (Fig. 4) . In the absence of bycatch, nearly 100% efficiency is obtained only in the absence of all size limits (including maximum size limits, or slot limits). As minimum size limits increase, the operational efficiency declines due to discards and mortality of 0055 Fisheries Bycatch: Global Issues and Creative Solutions discarded fish. High levels of operational efficiency can be obtained only if discard mortality rates are negligible. Additional bycatch mortality associated with nondirected fisheries also reduces the operational efficiency as the overall total mortality increases. Under certain circumstances, however, it is possible that bycatch fisheries can increase the operational efficiency of the directed fishery. This occurs when the selectivity of the bycatch fisheries reduces the densities of sub-legal size halibut; however, this occurs at the expense of reducing overall yields in the directed fishery (Fig. 1) . Relative economic losses associated with bycatch, size limits, and discard mortality rates are based on the following arbitrary price schedule: 10-20 pound fish are valued at $6.75 per pound, 20-40 pound fish at $7.30 per pound, and fish greater than 40 pounds are valued at $7.50 per pound. We assume no value for fish less than 10 pounds (roughly 82 cm in length) when evaluating the potential value of regulatory discards. For the current minimum legal size limit of 82 cm in the Pacific halibut fishery, the equilibrium yield versus directed fishing mortality and alternative bycatch rates and discard mortality rate are shown in Fig. 5 . Note that these estimates are based on the assumed values of Figure 4 . Isopleths for operational efficiency (defined as the proportion of the total mortality that is landed) for combinations of fishing mortality, minimum size limit, discard mortality rates (rows), and bycatch caps of 0, 10, and 20 million pounds (columns).
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natural mortality and steepness of the stock-recruitment relationship. The relative effect of discard mortality rates in the directed fishery on MSY-based reference points was relatively minor in comparison to the effects of bycatch in nondirected fisheries. For example, the difference in maximum sustainable yield (MSY) for the directed fishery with is roughly 2.6 million pounds over a range of discard mortality rates of 0.1 to 0.25. The difference in landed value between the two discard mortality rates is roughly $15.9 million and roughly $20.4-$23.8 million worth of halibut are discarded in the directed fishery in the form of sub-legal fish that are greater than 10 pounds (Table 3) .
The effects of bycatch from nontarget fisheries are greater in terms of impacts on the maximum sustainable yield and landed value in the directed fisheries (Table 3 ). Ten million pounds of bycatch mortality has the potential to reduce the average directed fisheries landings from 40.0 million pounds to 31.8 million pounds, assuming a discard mortality rate of 0.15 in the directed fishery. This corresponds to a loss of 8.2 million pounds in the directed fishery, which amounts to a difference of $53.6 million in landed value and the additional loss of $16.2 million associated with discarding sub-legal fish (for a total of $69.8 million). Bycatch amounts of 20 million pounds result in a loss of approximately $120 million in the directed fishery (Table 3) .
To demonstrate the cumulative effects of size-selective fishing, we examine the contours of the average weight of age-18 female halibut against fishing intensity and minimum size limits (Fig. 6 ). For age-18 female halibut the size-at-age can change by as much as 10 pounds due to the cumulative effects of size-selective fishing and discard mortality (based on the size-limit ranges and fishing mortality ranges examined herein). Larger changes in size-at-age occur with higher fishing mortality rates, and the scale in which the average weight changes is a function of the size limit and discard mortality rates. For a given fishing mortality rate, the average size declines with increases in the minimum size limit until the size limit is large enough to protect an age-18 halibut. Under higher discard mortality rates, changes in size-at-age are less pronounced for a given fishing mortality rate because a larger fraction of the sub-legal fish die (e.g., compare isopleths in the left column in Fig. 6 ). Increases in size-selective bycatch also contribute to declines in size-at-age; however, bycatch effects on size-at-age are less pronounced as the relative bycatch fishing mortality rates are substantially less than the directed fishing mortality rate (Table 2) . Increases in the ratio of bycatch to landed catch result in further declines in size-at-age if the bycatch fishery is size-selective.
Discussion
Management of the Pacific halibut fishery poses many challenges for both analyst and decision maker with respect to utilizing the resource in a responsible and efficient manner. Limits on annual total catches in the directed commercial fishery for halibut are determined each year by the International Pacific Halibut Commission (IPHC). Bycatch limits are set by other regulatory agencies including the North Pacific Fishery Management Council (prohibited species caps), Pacific Fishery Management Council, and Department of Fisheries and Oceans Canada. This arrangement puts the trade-off between allocation for retained use and bycatch utilization in multiple agencies. Communication between these agencies is paramount to moving forward with developing harvest policies for Pacific halibut and effectively managing bycatch in large multispecies fisheries. The operational efficiency of the directed halibut fishery is related to the trade-offs between size limits and discard mortality rates of sublegal fish. In addition, bycatch caps in nondirected fisheries also play a significant role in determining optimal harvest rates and appropriate harvest control rules for managing the directed commercial halibut fishery. Traditional use of MSY or SPR-based proxies for MSY related reference points are largely carried out using only information from the directed fisheries and rarely take into consideration the role of nontarget bycatch and discard mortality rates in determining sustainable harvest policies. The first specific objective is to understand how size limits and discard mortality rates influence reference point calculations in the directed fisheries. The results of this paper are not dissimilar to Coggins et al. 2007 , where increasing the minimum size limit and increases in discard mortality rates substantially decrease the efficacy of protecting spawning biomass. This is due to increased overall total mortality associated with increases in fishing effort required to obtain a fixed quota. The spawning potential ratio (SPR) is a measure of fished to unfished 
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reduction in the spawning potential and is often used as a proxy for fishing mortality, especially in cases where multiple fisheries impact the same stock. Increasing the minimum size limit does preserve the SPR; however, increases in bycatch and discard mortality rates reduce the overall efficacy of using minimum size limits to guard against the potential of recruitment overfishing .
Another concern in the directed Pacific halibut fishery has been the recent reductions in mean size-at-age (Clark et al. 1999 ). Reduced growth rates and corresponding reductions in the mean size-at-age alone result in shifts toward lower yields and lower estimates of F MSY in MSY-based reference point calculations. One of the key features not fully explored in this model is the cumulative effects of size-selective fishing on halibut reference points and changes in the mean size-at-age for this stock. The current harvest policy used by the IPHC was developed around the concept of density-dependent growth; however, there are several other competing hypotheses that could also explain recent reductions in size-at-age for Pacific halibut. Sinclair et al. (2002) have looked more carefully at this issue for Atlantic cod in the Gulf of St. Lawrence and found that the primary effect of reductions in size-at-age was due to variation in size-selective mortality in the directed fisheries, but also noted that a combination of selective fishing, density-dependent growth, and bioenergetic effects associated with temperature differences also plays a role. In spite of what the underlying mechanism is for change in halibut size-at-age, fisheries efficiency decreases with reductions in size-at-age due to the minimum size limits (Clark and Parma 1995) . The effects are even more pronounced in the Gulf of Alaska where the current size-at-age is small in comparison to other regulatory areas (Stewart 2014) .
The equilibrium age-structured model used in this analysis is markedly different from previous models used to address harvest policy for the Pacific halibut fishery. Previous models explicitly modeled the fate of 26 inch and larger halibut. Bycatch and discarding Pacific halibut less than 26 inches were not taken into explicit consideration. Until recently (2006), the assessment model for Pacific halibut accounted for only fish age 6 and older (Clark and Hare 2006) ; the vast majority of these age classes are greater than 26 inches. Under 26 inch mortality was deducted from the estimate of age-6 recruits; therefore, changes in the under 26 inch bycatch levels had no impact on the harvest policy advice because these numbers would be soaked up in the annual estimates of recruitment. The equilibrium model herein is based on all age classes and size classes, and hence an increase in under 26 inch bycatch in trawl fisheries more directly impacts estimates of MSY and SPR-based reference points.
Lastly, the economic implications in this paper are based on a subjective price schedule that is a dynamic variable which changes from year to year. We use these values merely to explore the impacts of bycatch and wastage on both the relative landings and potential value in the directed fishery. These dollar amounts do not likely reflect the absolute values, but merely illustrate that a small loss due to bycatch (e.g., 20 million pounds of bycatch mortality translates into $40+ million worth of dead halibut) add up to significant financial losses in the directed fishery (e.g., roughly $70 to $120 million dollar loss to the directed fishery). Traditionally, bycatch mitigation has only examined the loss ratios of bycatch:catch, where 1 pound of bycatch (26+ inch) translates into 1 pound of (32+ inch) loss to the directed fishery; the same ratio from a dollar perspective is approximately 4:10.
